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1. INTRODUCTION {#aji13308-sec-0001}
===============

1.1. Severe acute respiratory syndrome‐coronavirus 2 (SARS‐CoV‐2) and COVID‐19 {#aji13308-sec-0002}
------------------------------------------------------------------------------

The novel coronavirus SARS‐CoV‐2 was first reported in December 2019 in the city of Wuhan, Hubei Province, China. Physicians noted cases of pneumonia of unknown origin, which were later characterized as being caused by a novel betacoronavirus.[^1^](#aji13308-bib-0001){ref-type="ref"} Within a couple of months, SARS‐CoV‐2 has become a global emergency resulting in a wide spectrum of disease from asymptomatic infections to severe respiratory failure. The disease caused by SARS‐CoV‐2 has been termed COVID‐19. SARS‐CoV‐2 is an enveloped, positive sense, single‐stranded RNA (30 kb genome size) and made up of four structural proteins (spike surface glycoprotein, envelope protein, membrane protein, and nucleocapsid protein) and non‐structural proteins which are active targets of ongoing vaccine research.[^2^](#aji13308-bib-0002){ref-type="ref"}, [^3^](#aji13308-bib-0003){ref-type="ref"} SARS‐CoV‐2 shares more than 80% similarity with the SARS‐CoV[^4^](#aji13308-bib-0004){ref-type="ref"}, [^5^](#aji13308-bib-0005){ref-type="ref"}, [^6^](#aji13308-bib-0006){ref-type="ref"} which caused an outbreak in 2002 and shares 50% sequence similarity with Middle East respiratory syndrome (MERS) coronavirus that caused an outbreak in 2012.[^7^](#aji13308-bib-0007){ref-type="ref"} The mortality rate of SARS‐CoV‐2 is low compared with SARS and MERS; however, approximately 1% of infected people develop severe acute respiratory distress syndrome (ARDS) that requiring a critical level of care. While routes of SARS‐CoV‐2 transmission remain under active investigation, the predominant routes are currently thought to be through aerosols and fomites.[^1^](#aji13308-bib-0001){ref-type="ref"} Although much of the world\'s focus is on the lethal respiratory effects of COVID‐19, especially in the elderly, emerging information suggests that COVID‐19 puts younger women and their babies at increased risk of pregnancy complications. For example, in the largest case series of COVID‐19 in pregnancy, nearly 50% of women infected with the responsible virus, SARS‐CoV2, delivered preterm, and infected women had higher rates of the hypertensive disorder pre‐eclampsia and preterm premature rupture of membranes than non‐infected women.[^8^](#aji13308-bib-0008){ref-type="ref"}, [^9^](#aji13308-bib-0009){ref-type="ref"} Whether this virus can be transmitted vertically during pregnancy remains under investigation; however, its presence in the placenta and breast milk has been documented in a few recent studies.[^10^](#aji13308-bib-0010){ref-type="ref"}, [^11^](#aji13308-bib-0011){ref-type="ref"}, [^12^](#aji13308-bib-0012){ref-type="ref"}, [^13^](#aji13308-bib-0013){ref-type="ref"}, [^14^](#aji13308-bib-0014){ref-type="ref"} The mechanisms underlying the effects of COVID‐19 on pregnant women are also unknown and are under investigation.

Physiological changes that occur during pregnancy, including alterations in immunity, can increase susceptibility to viral infections. In addition, the immature innate and adaptive immune system of the developing fetus makes them highly susceptible to infections with potential deleterious consequences for fetal and neonatal brain development and function. Given the rapid spread of SARS‐CoV‐2 globally, it is important to understand the immediate and long‐term risks of the virus to the maternal‐infant dyad. In this review, we examine current evidence for the pathogenesis of SARS‐CoV‐2 infection in pregnancy and discuss possible mechanisms of disease progression in the context of pregnancy outcomes (Figure [1](#aji13308-fig-0001){ref-type="fig"}).

![Schematic of SARS‐CoV‐2 mechanisms, targets, and outcomes in pregnancy](AJI-9999-e13308-g001){#aji13308-fig-0001}

1.2. COVID‐19 and pregnancy {#aji13308-sec-0003}
---------------------------

A number of case series have been published or posted on the preprint server MedArkiv or BioArkiv that describe clinical features and outcomes in pregnant women with COVID‐19. Overall, there is limited evidence of vertical transmission or significant mortality for pregnant women with COVID‐19. However, multiple adverse perinatal outcomes have been reported, including increased risk of miscarriage, premature rupture of membranes, preterm birth, and stillbirth, and pre‐eclampsia.[^8^](#aji13308-bib-0008){ref-type="ref"}, [^9^](#aji13308-bib-0009){ref-type="ref"}, [^15^](#aji13308-bib-0015){ref-type="ref"}, [^16^](#aji13308-bib-0016){ref-type="ref"}, [^17^](#aji13308-bib-0017){ref-type="ref"} Below, we highlight four aspects of COVID‐19 in pregnancy: Vertical Transmission or not, immunological changes; placental pathology; and RAS pathway and pre‐eclampsia.

### 1.2.1. Vertical Transmission or not? {#aji13308-sec-0004}

SARS‐CoV‐2 infected pregnant women are susceptible to pneumonia and preterm birth before \<37 and 34 weeks of gestation and the risk of miscarriage early in pregnancy may be increased.[^8^](#aji13308-bib-0008){ref-type="ref"}, [^9^](#aji13308-bib-0009){ref-type="ref"}, [^14^](#aji13308-bib-0014){ref-type="ref"} Liu et al, reported that in a cohort of 13 COVID‐19 infected pregnant women, nearly 50% (6/13) delivered prematurely.[^15^](#aji13308-bib-0015){ref-type="ref"} Zeng et al, described cases of neonatal early‐onset infection in a cohort study of 33 pregnant women in Wuhan with confirmed positive SARS‐CoV‐2 and charted the infection status and clinical course of their neonates. Of the 33 neonates, 3 tested positive for SARS‐CoV‐2 and displayed symptoms of COVID‐19 (including fever, respiratory distress syndrome, or shortness of breath). All three neonates were delivered by cesarean section (C‐section) due to non‐reassuring fetal status. This study concluded that, given the stringent infection control and prevention procedures in place during these births, the 3 infants were likely to have acquired their infection from their mothers antenatally.[^18^](#aji13308-bib-0018){ref-type="ref"} Another group published a case report of a neonate born to a mother with confirmed COVID‐19 who was delivered by C‐section in a negative pressure room and not held by its mother following birth. At 2 hours post‐birth, this infant tested positive for both SARS‐CoV‐2 IgG and IgM. Presence of IgM suggested maternal‐fetal transmission of the antibodies, but the infant did not develop any symptoms of COVID‐19.[^19^](#aji13308-bib-0019){ref-type="ref"} A systemic and meta‐analysis review analyzed data from 17 studies including 2567 pregnancies identified the most common outcome of SARS‐CoV‐2 infection as iatrogenic preterm birth and C‐section deliveries. Perinatal death incidence was observed in less than 1% (12 stillbirth and 4 neonatal deaths), and 1%‐2% neonates were positive with SARS‐CoV‐2.[^12^](#aji13308-bib-0012){ref-type="ref"} In another study, amniotic fluid and neonatal throat swab tested positive with SARS‐CoV‐2 and three neonates were also positive with SARS‐CoV‐2.[^20^](#aji13308-bib-0020){ref-type="ref"}

However, other studies have concluded no evidence of vertical transmission. For example, one study demonstrated that, in a cohort of 9 women who had confirmed COVID‐19 pneumonia, no infant tested positive for SARS‐CoV‐2 through amniotic fluid, cord blood, throat swab, or breast milk samples.[^21^](#aji13308-bib-0021){ref-type="ref"}, [^22^](#aji13308-bib-0022){ref-type="ref"} Another study with 38 SARS‐CoV‐2 infected pregnant women in their third trimester of pregnancy reported no maternal deaths or instances of vertical transmission to the new born after testing all neonatal samples and a few placentas for SARS‐CoV‐2.[^23^](#aji13308-bib-0023){ref-type="ref"} Huntley et al, examined 13 studies comprising 538 pregnancies and reported neonatal death in 0.3% (1/313) of neonates and no vertical transmission.[^24^](#aji13308-bib-0024){ref-type="ref"} Chen et al, reported a 20% incidence of preterm birth (out of 118 pregnancies), but no vertical transmission.[^25^](#aji13308-bib-0025){ref-type="ref"} The preponderance of evidence thus far does not indicate a significant role for vertical transmission; but, it remains a global imperative to understand the impact of COVID‐19 on maternal morbidity and mortality.

### 1.2.2. Immunology of COVID‐19 in pregnancy {#aji13308-sec-0005}

Pregnancy is an immunological condition in which the semi‐allogenic fetus grows in the mother\'s uterus. The immunological environment during pregnancy changes as pregnancy proceeds initially through Th1 (pro‐inflammatory response) during the first trimester, and then changes to Th2 (anti‐inflammatory response) by the second trimester, and again polarizes toward a Th1 phenotype at the end of third‐trimester concomitant with initiation of parturition.[^26^](#aji13308-bib-0026){ref-type="ref"} Furthermore, the number of immune cells also vary during pregnancy with a higher prevalence of innate immune cells (NK cells, monocytes) than adaptive immune cells (fewer B and T cells).[^26^](#aji13308-bib-0026){ref-type="ref"} SARS‐CoV‐2 infection appears to induce a reduction in the number of lymphocytes relative to inflammatory monocytes, which could induce a cytokine storm leading to ARDS and multi‐system organ failure.[^27^](#aji13308-bib-0027){ref-type="ref"}, [^28^](#aji13308-bib-0028){ref-type="ref"} In support of this hypothesis, plasma from severely infected COVID‐19 patients showed enhanced levels of interleukins (IL‐2, IL‐6, IL‐7, and IL‐10), granulocyte‐colony stimulating factor (GCSF), interferon‐γ‐inducible protein 10 (IP‐10 or CXCL10), monocyte chemoattractant protein 1 (MCP‐1), macrophage inflammatory protein 1 alpha (MIP‐1α), and tumor necrosis factor α (TNF‐α).[^14^](#aji13308-bib-0014){ref-type="ref"}, [^29^](#aji13308-bib-0029){ref-type="ref"} The high level of TNF‐α during early pregnancy is associated with defects in early embryo development [^30^](#aji13308-bib-0030){ref-type="ref"}pregnancy‐related complications upon malaria infection.[^31^](#aji13308-bib-0031){ref-type="ref"} A recent systematic review identified increased level of C‐reactive protein (CRP) in a majority of COVID‐19 positive pregnant women.[^20^](#aji13308-bib-0020){ref-type="ref"} Taken together, the cytokine storm (pro‐inflammatory cytokines) induced by SARS‐CoV‐2 might place pregnant women at greater risk by causing an increased pro‐inflammatory state with the potential to impact fetal brain development; thus, increasing the risk for autism, mental health disorders or schizophrenia.[^26^](#aji13308-bib-0026){ref-type="ref"}, [^32^](#aji13308-bib-0032){ref-type="ref"}, [^33^](#aji13308-bib-0033){ref-type="ref"}, [^34^](#aji13308-bib-0034){ref-type="ref"}

Currently, there are no studies reported on decidual immune cell interactions with SARS‐CoV‐2, but there are studies on the effect of SARS‐CoV‐2 on peripheral blood leukocytes. One key difference noted in peripheral blood leukocytes from those suffering severe COVID‐19 symptoms, versus those with mild symptoms, was a decrease in IFN‐γ and TNF‐α in CD4+ T cells from the severe symptoms group. In addition, increased levels of granzyme B and perforin have been noted in CD8+ T cells.[^35^](#aji13308-bib-0035){ref-type="ref"} This study also found an increase in CD8+ T cell exhaustion in the severe group, which suggests that CD8+ T exhaustion may impair the patients ability to mount an appropriate immune response to SARS‐CoV‐2.[^35^](#aji13308-bib-0035){ref-type="ref"}, [^36^](#aji13308-bib-0036){ref-type="ref"} Lymphopenia associated with confirmed SARS‐CoV‐2 patients has also been widely reported.[^37^](#aji13308-bib-0037){ref-type="ref"} It remains to be determined whether there is a change in decidual NK cells or T‐cell populations at the maternal‐fetal interface in COVID‐19 positive placentas.

### 1.2.3. Placental pathology in COVID‐19 {#aji13308-sec-0006}

The placenta is a critical organ which provides nutrition and protect the developing fetus from infections.[^38^](#aji13308-bib-0038){ref-type="ref"} Histopathological examination of the placenta can provide crucial evidence of the underpinnings of clinically observed maternal and fetal outcomes. Placentas positive for SARS‐CoV‐2 has frequently shown increased deposition of fibrin and infiltration of monocytes and neutrophils in subchorial space.[^16^](#aji13308-bib-0016){ref-type="ref"} A study comprising 11 SARS‐CoV‐2 positive pregnant women reported presence of SARS‐CoV‐2 in placental and fetal membrane swabs of 3 patients.[^39^](#aji13308-bib-0039){ref-type="ref"} A case report of a woman who was infected with SARS‐CoV‐2 at 22 weeks gestation with severe hypertension, coagulopathy, and pre‐eclampsia showed that the placenta and umbilical cord were positive for SARS‐CoV‐2. Furthermore, localization of SARS‐CoV‐2 spike protein and RNA was found in the villi and perivillous fibrin and infiltration of macrophages was reported in placental sections.[^10^](#aji13308-bib-0010){ref-type="ref"} A study by Shanes et al, reports placental pathological findings from 16 SARS‐CoV‐2 positive pregnant women (15 delivered‐ third trimester, 1 delivered in 2nd trimester due to intrauterine fetal demise) showing systemic inflammation and a hypercoagulated state. There was evidence of placental hyperfusion defects in maternal vessels and oxygenation in the intervillous space affecting perinatal outcome.[^40^](#aji13308-bib-0040){ref-type="ref"} In all studies thus far, vascular villous lesions including fibrin deposition within and around the villi and infarcts have been reported, suggestive of pre‐eclampsia. This finding is similar to those noted from placentas from MERS and SARS‐CoV positive patients reporting acute and chronic placental insufficiency associated with intrauterine growth restriction (IUGR) or miscarriage in 40% of affected cases during pregnancy.[^41^](#aji13308-bib-0041){ref-type="ref"}, [^42^](#aji13308-bib-0042){ref-type="ref"}, [^43^](#aji13308-bib-0043){ref-type="ref"} In case of MERS, placental abruption was observed due to inflammation in the mother which resulted in fetal demise and preterm delivery.[^44^](#aji13308-bib-0044){ref-type="ref"}, [^45^](#aji13308-bib-0045){ref-type="ref"} Furthermore, SARS‐CoVinfection has been shown to result in IUGR, small for gestational age neonates, preterm birth, and spontaneous miscarriage (mainly in first trimester). The fibrin deposition in subchorionic villi in 3/7 placentas has also been observed.[^42^](#aji13308-bib-0042){ref-type="ref"}, [^43^](#aji13308-bib-0043){ref-type="ref"} Together, these reports suggest that, based on histopathological findings, changes associated with fibrin deposition, immune filtration, and decidual vasculopathy have emerged as one of the most commonly observed pattern of SARS‐CoV‐2 infection at the level of the placenta.[^8^](#aji13308-bib-0008){ref-type="ref"}

### 1.2.4. RAS in pregnancy and COVID‐19 {#aji13308-sec-0007}

SARS‐CoV‐2 enters host cells by binding to the angiotensin‐converting enzyme 2, ACE2. In addition to ACE2, SARS‐COV‐2 requires the cellular protease, TMPRSS2, to cleave viral spike protein and facilitate fusion of viral and cellular membranes.[^46^](#aji13308-bib-0046){ref-type="ref"}, [^47^](#aji13308-bib-0047){ref-type="ref"} Single‐cell transcriptomic data from a first‐trimester placenta demonstrated that ACE2 is highly expressed on placental cells including extravillous trophoblasts, villous cytotrophoblasts and syncytiotrophoblasts (STBs), decidual stromal cells, and fetal endothelial cells. However, this is contested by a recent paper using single‐cell RNA sequence analyses of the placenta, and new single‐cell/nuclei RNA‐sequencing data, suggesting that there is negligible co‐expression of ACE2 and TMPRSS2 in trophoblasts as well as in third‐trimester chorioamniotic membranes.[^48^](#aji13308-bib-0048){ref-type="ref"}, [^49^](#aji13308-bib-0049){ref-type="ref"} TMPRSS2 has been reported to be expressed on all three trophoblast cell types.[^50^](#aji13308-bib-0050){ref-type="ref"} Human Protein Atlas (<https://www.proteinatlas.org/>) indicates low level of expression of ACE2 and TMPRSS2 in trophoblasts and endothelial cells. The level of expression and possible role for ACE2 in COVID‐19 in the placenta remains to be elucidated.

Upon entry of SARS‐CoV‐2, the levels of ACE2 are decreased as the protein is targeted for degradation via the clathrin‐mediated endocytic pathway leading to reduced availability of ACE2 on the surface.[^47^](#aji13308-bib-0047){ref-type="ref"}, [^51^](#aji13308-bib-0051){ref-type="ref"} Along with ACE2, SARS‐CoV2 affects other components of the Renin Angiotensin System (RAS) such as ADAM metallopeptidase domain 17 (ADAM17) that can cleave membrane‐bound ACE2 receptors and downregulate its expression.[^52^](#aji13308-bib-0052){ref-type="ref"} The loss of ACE2 has also been observed in patients clinically experiencing hypertension, diabetes, cardiac arrest, or other comorbid conditions[^53^](#aji13308-bib-0053){ref-type="ref"} (Figure [1B](#aji13308-fig-0001){ref-type="fig"}). RAS, an endocrine system plays a critical regulatory role in fetal‐placental circulation, facilitating adequate placental blood flow for fetal oxygenation and maturation as early as 6 weeks of gestation.[^54^](#aji13308-bib-0054){ref-type="ref"} All of the components of RAS are present in the placenta (villous and extravillous) and contribute to placental function including invasion, migration, and angiogenesis.[^55^](#aji13308-bib-0055){ref-type="ref"} Expression of ACE2 and the cofactor TMPRSS2 increases as pregnancy progresses.[^56^](#aji13308-bib-0056){ref-type="ref"} Dysregulation of RAS is associated with adverse pregnancy outcomes, particularly pre‐eclampsia and fetal growth restriction.[^57^](#aji13308-bib-0057){ref-type="ref"} Additionally, placental trophoblasts and fetal endothelial cells are sensitive to changes in RAS activity.[^55^](#aji13308-bib-0055){ref-type="ref"}, [^58^](#aji13308-bib-0058){ref-type="ref"} Several animal models have been employed to show the impact of RAS on the uteroplacental blood flow during pregnancy.[^59^](#aji13308-bib-0059){ref-type="ref"}, [^60^](#aji13308-bib-0060){ref-type="ref"} Mice lacking *ace2* exhibit placental dysfunction as evidenced by abnormal uterine remodeling, placental hypoxia, and uterine artery reactivity to vasoconstrictors.[^61^](#aji13308-bib-0061){ref-type="ref"}

A possible mechanism of impact of SARS‐CoV‐2 infection in pregnancy could be due to disruption of the RAS pathway due to sequestration and degradation of ACE2 by virus binding. Placental trophoblasts are particularly responsive to changes in angiotensin receptor concentrations that occur during pregnancy, and some women with pre‐eclampsia harbor an autoantibody that stimulates the Angiotensin 1 (AT~1~) receptor.[^62^](#aji13308-bib-0062){ref-type="ref"} This AT~1~ autoantibody binds to AT~1~ receptors on trophoblasts where it synergistically acts with angiotensin 2 to impair placentation, and thereby normal RAS function, which is implicated in pre‐eclampsia. Indeed, the circulating levels of renin and angiotensin 1 are lower in women with pre‐eclampsia than in normotensive women.[^58^](#aji13308-bib-0058){ref-type="ref"} A possible link to pre‐eclampsia due to COVID‐19 is supported by the placental findings of fibrin deposition and coagulopathy. It remains to be determined whether SARS‐CoV‐2 infection results in adverse pregnancy outcomes due to disruption of the RAS system, which is actively under investigation by us and other groups.

2. SUMMARY {#aji13308-sec-0008}
==========

Emerging information suggests that COVID‐19 puts women and their babies at increased risk of pregnancy complications like pre‐eclampsia, preterm birth. The entry of SARS‐CoV‐2 is mediated by ACE2, and its expression increases during pregnancy which may provide favorable conditions for SARS‐CoV‐2 infection. The presence of virus in placental villi and fetal membranes suggests that the virus can access the placenta and could affect fetal development. Vertical transmission of SARS‐CoV‐2 appears to be limited but is not yet completely ruled out. In any case, the cytokine storm induced by SARS‐CoV‐2 could result in increased morbidity and mortality among pregnant women with the potential to adversely affect the developing fetus and neonate, even in the absence of vertical viral transmission. Severity of illness, timing of infection, and other underlying conditions during pregnancy could also impact the adverse effects of COVID‐19. Formulation of better strategies, models, and targets need to be identified to decrease the impact of viral infection to improve maternal and fetal outcomes.

3. GAPS {#aji13308-sec-0009}
=======

More studies are needed to better understand whether SARS‐CoV‐2 can be vertically transmitted.The effect of SARS‐CoV‐2 during early pregnancy (1^st^ and 2^nd^ trimester) on maternal/infant health.The direct (vertical transmission) or indirect effect (via placental insufficiency) or inflammatory milieu due to SARS CoV‐2 infection on the developing fetus.The effect of SARS‐CoV‐2 postnatally in the newborn.Neonatal impact of SARS‐CoV‐2 infected mother breastfeeding.The mechanism of SARS‐CoV‐2 infection, entry in placenta, role of immune cells.
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